rat represents a genetic model with an inherited nephron deficit and exhibits mild hypertension and progressive albuminuria, which is more pronounced in males than females. Previously, we demonstrated in a consomic strain that replacement of a quantitative trait locus on chromosome 6 normalized the nephron deficit and suppressed albuminuria development, suggesting a link between the two findings. Here we tested the role of a second major locus linked to albuminuria in MWF on chromosome 8 and generated the consomic strain MWF-8 SHR by transfer of chromosome 8 from spontaneously hypertensive rats (SHR) into MWF. The early onset of albuminuria at 8 wk of age in MWF (Ͼ50-fold increase compared with SHR) was significantly suppressed in consomic animals, and the development of marked proteinuria at 32 wk significantly diminished. Total nephron number in consomic rats (23,771 Ϯ 1,352) and MWF (27,028 Ϯ 1,322) were similar and significantly lower (Ϫ36%) compared with SHR (36,979 Ϯ 1,352, P Ͻ 0.0001). The development of mild albuminuria in female MWF was also significantly diminished in MWF-8 SHR . Thus, the development of overt and mild albuminuria in male and female MWF rats is not a mandatory consequence of the inherited nephron deficit. The locus on chromosome 8 appears of interest, because its exchange between MWF and SHR protects against the development of albuminuria in MWF-8 SHR animals despite their inherited nephron deficit and higher systolic blood pressure.
genetics; kidney; albuminuria; gender; consomic rat ARTERIAL HYPERTENSION AND chronic kidney disease in adulthood may result from adverse environmental stimuli disturbing normal fetal development in utero, i.e., a phenomenon termed developmental or fetal programming (1, 11, 19) . Fetal programming has been also linked to a congenital deficit in nephron number, which may represent a common basis for the predisposition to arterial hypertension and chronic kidney disease in adult life (19, 31) . As early as two decades ago Brenner et al. (2) proposed that a congenital deficit in nephron number would cause a predisposition to the development of hypertension and salt sensitivity. In addition, functional and structural kidney damage with albuminuria and glomerulosclerosis have been attributed to maladaptive mechanisms that occur as a response to the reduction of the total glomerular filtration surface in states with congenital nephron (glomeruli) deficit (2, 31) . The Munich Wistar Frömter (MWF) rat represents a genetic model that supports this concept (4, 14) . Hence, MWF rats demonstrate a congenital reduction of nephron number in the order of 30 -50% (4, 26) and develop saltsensitive spontaneous hypertension (14) . In addition, MWF develop an early increase in albuminuria and progressive proteinuria as well as glomerulosclerosis with age (4, 26) . Interestingly, despite the fact that the nephron deficit is similar in male and female MWF animals (4) they demonstrate a sex-specific difference in the development of progressive albuminuria and glomerulosclerosis, which is much more pronounced in males (4, 24) . In previous work we showed that the development of overt and mild albuminuria in males and females is markedly suppressed in the consomic MWF-6 SHR strain (26) . In this consomic strain we replaced a major albuminuria quantitative trait locus (QTL) by transfer of rat chromosome (RNO) 6 from albuminuria-resistant spontaneously hypertensive rat (SHR) into the MWF genetic background (24, 26) . Importantly, the congenital nephron deficit of MWF was also abolished by transfer of RNO6, which thus provided further evidence for a pathophysiological link between the inherited nephron deficit and albuminuria development in MWF. These findings might implicate that the manifestation of progressive albuminuria in adult MWF rats may involve the perinatal programming of low nephron number (1, 11, 19, 31) .
However, in previous linkage studies we identified another important QTL on RNO8 linked to albuminuria in MWF (25) .
We therefore set out to analyze the role of this second major locus for the development of the congenital nephron deficit and progressive albuminuria in MWF.
MATERIALS AND METHODS
Animals. All rats were obtained from our MWF/Rkb and SHR/Rkb colonies (laboratory code Rkb, http://dels.nas.edu/ilar/) at the Charité, Campus Benjamin Franklin, Germany. Rats were grouped under conditions of regular 12 h diurnal cycles using an automated light switching device and climate-controlled conditions at a room temperature of 22°C. The rats were fed a normal diet containing 0.2% NaCl and had free access to food and water.
Development of the consomic strain MWF-8 SHR and F1 (MWF ϫ MWF-8 SHR ) hybrids. The consomic strain MWF-8 SHR was generated by sequential marker assisted backcrossing in accordance with our linkage results (25) introgressing the whole RNO8 from SHR into the isogenic MWF background as previously described (26) . The purity of the consomic MWF-8 SHR strain was confirmed by total genome screen analysis with 240 microsatellite markers (23) .
F1 (MWF ϫ MWF-8 SHR ) hybrid animals were derived from an intercross between male MWF and female consomic MWF-8 SHR rats. These animals carry a heterozygous genotype on RNO8, i.e., one allele derived from SHR and one from MWF rats, whereas all other chromosomes showed homozygosity for the MWF allele.
Blood pressure measurements. Systolic blood pressure (SBP) was measured in male and female parental MWF (n ϭ 18 -19, each) and SHR (n ϭ 10, each) animals, and data were compared with male and female consomic MWF-8 SHR (n ϭ 20, each), respectively. SBP was determined by a tail-cuff method in awake animals at 14 and 24 wk of age, respectively, using a computer-assisted oscillatory detection device (TSE, Bad Homburg, Germany) (14) . In brief, training sessions were carried out for 2 days at each occasion and followed by measurements on three consecutive days. Each session included three sets of two measurements, so that a minimum of 12 and maximum of 18 measurements were used for the determination of the SBP of each rat.
Time course analysis for urinary albumin excretion. To analyze the role of RNO8 for the development of albuminuria in male and female MWF-8 SHR (n ϭ 20, each) and F1 (MWF ϫ MWF-8 SHR ) hybrid rats (n ϭ 10, each) we performed time-course analysis for urinary albumin excretion (UAE) at 8, 14, 18, and 24 wk of age compared with the UAE development of male and female MWF (n ϭ 18 -19, each) and SHR (n ϭ 10, each) animals (26) . All SHR and 10 animals of the MWF and consomic MWF-8 SHR strain of either sex, respectively, were killed at 24 wk of age for further laboratory analyses. The remaining MWF-8 SHR , MWF, and F1 were followed to 32 wk of age for a final UAE determination. For urine analysis animals were placed in metabolic cages for 2 days. The first day was used for adaptation and urine was collected for the last 24 h for UAE and biochemistry analysis. UAE was measured with a rat-specific ELISA-technique as previously described (14) .
Further laboratory analyses. Blood, heart, and kidney were harvested from animals at 24 wk for biochemistry and histological analyses for the determination of glomerular damage index (GSI), tubulointerstitial damage index (TDI), renal interstitial fibrosis (RIF), and numbers of superficial and surface glomeruli as reported (25) .
For the determination of glomerular number in consomic MWF-8 SHR one kidney of seven male animals at 4 wk of age were used after perfusion fixation with 4% phosphate-buffered formaldehyde. The kidney was dehydrated in graded ethanol and embedded in glycolmethacrylate (Technovite 7100; Hereus Kulzer, Wehrheim, Germany). Histological sections were performed as previously described (26) , and the number of glomeruli was estimated by the physical fractionator (10) as reported (26) . The total number of glomeruli in consomic animals was compared with the numbers recently obtained in age-matched MWF and SHR, respectively (26) .
RNA was isolated from kidneys by the TRIzol reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions and was resuspended in DEPC-treated H2O. First strand cDNA synthesis was carried out on 2 g of total RNA in a 20 l reaction using the First Strand cDNA Synthesis Kit (Fermentas Life Sciences, St. LeonRot, Germany) following the manufacturer's recommendations. In parallel, samples without the reverse transcriptase were performed as RT-PCR minus controls. To quantify mRNA expression in kidney we employed real-time quantitative RT PCR. Collagen III was analyzed as previously described (26) . In addition, we determined mRNA expression of renal neutrophil gelatinase-associated lipocalin (NGAL; GenBank accession number NM_130741) as a molecular marker reflecting renal tubular injury (22) . For NGAL mRNA quantification real-time PCR reactions (SYBR Green PCR Master Mix, Applied Biosystems, Foster City, CA) were completed with the following primer sets in a concentration of 100 nM (TIB Molbiol, Berlin, Germany): 18S forward: GGAGCCTGCGGCTTAATTT, 18S reverse: CAACTAAGAACGGCCATGCA, NGAL forward: GGC-CGACACTGACTACGACC, NGAL reverse: GCCCCTTGGTTCT-TCCGTAC. All qRT-PCR were performed in triplicate and cycling conditions were the same for all primer sets: 95°C for 10 min and 40 cycles of 95°C for 15 s, 60°C for 1 min. No template controls and RT-PCR minus controls did not show relevant fluorescent signals. 18S RNA served as the endogenous control to normalize the amount of cDNA added to each reaction and the comparative Ct method was employed for further analysis.
Statistical analysis. Statistical analysis was performed using oneway ANOVA followed by Bonferroni's adjustment and by nonparametric Mann-Whitney U-test. Data are presented as means Ϯ SE and P values Ͻ0.05 were considered significant.
RESULTS
Time-course effects. Already, the early Ͼ50-fold increase in UAE detected in male MWF at 8 wk of age was significantly suppressed in male MWF-8 SHR (18.1 Ϯ 2.0 vs. 2.6 Ϯ 0.6 mg/24h, P Ͻ 0.0001), while the SHR reference strain still demonstrated lower UAE levels (0.3 Ϯ 0.1 mg/24 h, P Ͻ 0.0001; Further timecourse analysis between weeks 8 and 32 revealed a significantly attenuated increase of UAE in male consomic animals in contrast to the progressive increase in albuminuria of MWF (Fig. 1A) . Between 18 and 32 wk of age male consomic animals reached a plateau in UAE of ϳ20 mg/24 h, while male MWF demonstrated a markedly elevated UAE at 32 wk, which was about ϳ15-fold higher compared with male MWF-8 SHR (P Ͻ 0.0001, Fig. 1A) .
The early onset of increased UAE observed at 8 wk of age in female MWF compared with SHR (5.2 Ϯ 0.9 vs. 0.1 Ϯ 0.01 mg/24 h; P Ͻ 0.0001; Fig. 1B ) was fully suppressed in female consomic animals (0.4 Ϯ 0.1 mg/24 h). Time-course analysis demonstrated that the progressive increase of UAE with age was also significantly diminished compared with female MWF at all time points investigated (P Ͻ 0.0001, respectively; Fig. 1B) .
Heterozygotes vs. homozygotes. The analysis of F1 hybrids of either sex demonstrated significantly higher UAE levels in male F1 hybrids at all time points except at 8 wk of age compared with male consomic animals (P Ͻ 0.05, respectively), while no significant differences were observed between female F1 and female MWF-8 SHR animals (Fig. 1, A and B) . Sexual dimorphisms. No significant differences in body weight were observed between strains and sex (Table 1) . Overall, relative kidney weight in relation to body weight was lower in male MWF and consomic MWF-8 SHR compared with SHR (Table 1 ). In male animals no significant strain differences in serum creatinine and creatinine clearance were observed (Table 1 ). In female animals serum creatinine concentrations were similar between MWF and consomic MWF-8 SHR and significantly higher than in SHR (P Ͻ 0.002), while creatinine clearance was higher in consomic MWF-8 SHR compared with MWF ( (Table 1) .
SBP was significantly higher in both male and female consomic MWF-8 SHR compared with sex-matched MWF (P Ͻ 0.05, respectively) with the exception that SBP values obtained at 24 wk of age were similar in females of both strains (Fig. 2,  A and B) . No significant SBP differences were detected between male and female MWF, while a sexual dimorphism was observed with a significant elevation of SBP values in male SHR and consomic MWF-8 SHR (P Ͻ 0.0001, respectively) compared with the corresponding female rats (Fig. 2, A and B) . In agreement with the SBP data, male MWF-8 SHR demonstrated also a significantly elevated left ventricular weight to body weight ratio (P ϭ 0.02, Table 1 ).
The determination of the mean total glomerular number per kidney in young male consomic MWF-8 SHR at 4 wk of age revealed an even somewhat lower number of 23,771 Ϯ 1,352 compared with the recently characterized MWF (27,028 Ϯ 1,322) (26); however, this difference was not significant (P ϭ 0.57). Thus, both MWF and consomic animals exhibit a significant nephron deficit compared with SHR (36,979 Ϯ 1,352, P Ͻ 0.0001).
The data for histology analysis in adult male and female animals obtained at 24 wk of age are summarized in Table 2 . GSI as well as the amount of RIF were similar between male MWF and male consomic animals ( Table 2 ) and thus significantly more pronounced than in SHR. MWF and MWF-8 SHR exhibited a significant sexual dimorphism with regard to the renal injury parameters with significantly lower values in female animals (P Ͻ 0.05, respectively). While glomerular physiolgenomics.physiology.org injury score was similar between female MWF and MWF-8 SHR , the percentage of RIF was significantly lower in the consomic strain (Table 2 , P Ͻ 0.005). The TDI was not significantly different between male MWF and consomic animals and thus significantly more pronounced than in SHR (P Ͻ 0.01; Fig. 3A) . Accordingly, the expression of NGAL was also similar in MWF and consomic MWF-8 SHR animals and thus significantly elevated compared with SHR (P Ͻ 0.01; Fig. 3B) . Furthermore, the mRNA expression of collagen III was overall significantly higher in males compared with female animals (P Ͻ 0.05, Table 2 ). The increase in collagen III mRNA expression observed in both male and female MWF was significantly attenuated in consomic animals, respectively (Table 2) .
DISCUSSION
In a previous study we documented a profound effect of a QTL on RNO6 for the development of progressive albuminuria in the MWF model (26) . This finding and particularly the fact that the early increase in albuminuria in young animals at 8 wk of age was completely suppressed were somewhat surprising in light of the polygenetic determination of albuminuria in MWF (23, 25) . Nevertheless, the fact that replacement of the QTL on RNO6 eliminated at the same time the inherited nephron deficit of MWF provided a plausible functional explanation for the strong protective effect observed by targeting the QTL on this chromosome (26) . This observation supported the concept that the adaptation to the inherited nephron deficit represents an important prerequisite for albuminuria development in MWF.
In this report we show in adult animals at 24 wk of age, that replacement of RNO8 in the MWF-8 SHR consomic strain induced a comparable relative albuminuria reduction of 87 and 90% in male and female animals compared with parental MWF, respectively. This effect was similar to the reduction of 90 and 93% previously observed after transfer of RNO6 in male and female consomic SHR in which the nephron number was, however, normalized to SHR levels (26) . Although small blood pressure differences obtained by tail cuff measurements should be judged with caution (16) we detected higher SBP values in MWF-8 SHR consomic animals, particularly in males, compared with MWF. This may be attributable to blood pressure increasing SHR alleles of a QTL on RNO8 that has been introgressed in the MWF genome by transfer of this chromosome. Therefore, the reduction of UAE in MWF-8 SHR compared with the parental MWF strain cannot be explained by a blood pressure-lowering effect of RNO8 from SHR. This finding provides, however, further support for the important functional role of the albuminuria QTL on RNO8, because its replacement with SHR alleles protects against progressive albuminuria development despite the nephron deficit and higher blood pressures. The role of genetic factors affecting the course of renal damage in states with low nephron number has been also supported by the observation that inbred mouse strains show varying susceptibilities to the development of kidney injury after subtotal nephrectomy (21) .
Unlike albuminuria, the development of the moderate glomerular and tubulointerstitial injury as well as interstitial fibrosis in male MWF animals was not significantly affected by transfer of RNO8. This was supported by the finding obtained for NGAL expression, which is significantly upregulated in MWF-8 SHR compared with SHR, but similar to MWF, indicating renal injury in the both the MWF and consomic strain (22) . Only collagen III mRNA expression was somewhat reduced in both male and female MWF-8 SHR compared with MWF, respectively. The lack of effect on glomerular and tubulointerstitial kidney damage is at variance with the MWF-6 SHR strain in which both glomerulosclerosis and tubulointerstitial damage were significantly lowered in male consomic animals by transfer of RNO6 compared with MWF (26) . The protective effect of RNO6 transfer on renal structural damage in male animals may therefore be related to the normalization of the nephron deficit rather than the suppression of albuminuria, since the latter was also achieved by transfer of RNO8 while the former was not.
To investigate the mode of inheritance, i.e., a gene dosage effect of the SHR allele at a single albuminuria QTL, we analyzed F1 hybrid animals derived from MWF and consomic MWF-8 SHR animals. Interestingly, F1 hybrids revealed a significant gene dosage effect in male but not in female rats. The F1 hybrids carry a heterozygous genotype on RNO8, i.e., they carry one allele from SHR and one from MWF. In young male animals at 8 wk of age no significant difference in albuminuria between F1 hybrids and consomic animals was observed. In contrast, starting from 14 wk of age, male F1 animals exhibited albuminuria levels that were significantly higher than in MWF-8 SHR , indicating that replacement of both MWF alleles on RNO8 confers a stronger protection in aging animals with nephron deficit than replacement of only one allele. In female animals with mild albuminuria, however, replacement of one allele in F1 or two alleles in consomic MWF-8 SHR animals resulted in an overall similar protection at all time points. The finding in female F1 animals and the data observed in young males are therefore compatible with previous data demonstrating overall recessive effects of albuminuria susceptibility genes (5, 9, 18, 23, 25, 27, 28) . However, the data in older males demonstrate that gene dosing effects on albuminuria are context dependent and are possibly influenced by factors related to aging and sex status.
Via linkage analysis or more recently genome-wide association studies, multiple chromosomal regions and some candidate genes have been linked to albuminuria in arterial hypertension and most frequently in Type 2 diabetes mellitus (6 -8, 12, 13, 15, 17) . In a multiethnic family study on the genetic basis of diabetic nephropathy, a suggestive linkage was found to albuminuria (measured as urinary albumin to creatinine ratio) on human chromosome 15q26.3 (13) , which maps, however, outside the 15q22-15q25 region that corresponds to the albuminuria QTL on RNO8 (25) . Nevertheless, as recently demonstrated in the polygenetic Fawn-hooded rat model with spontaneous hypertension and kidney disease, experimental studies in the rat can lead to the identification of new targets for albuminuria such as Rab38 (20) and stimulate the analysis of the corresponding gene in human (29) .
Consomic strains are important for the confirmation of QTL effects detected by mapping studies, but their power for gene identification is limited (3) . The latter has to be achieved by further narrowing of the QTL region in congenic substrains in subsequent studies. Nevertheless, our current results highlight the complexity of the genetic basis of albuminuria and the potential of experimental work to elucidate important common disease pathways for albuminuria. Due to the fact that the QTL region on RNO6 and RNO8 is large, as expected from our QTL mapping studies, this implies for us a rationale to develop congenic rats carrying smaller intervals, thereby reducing the number of genes within the QTL on RNO6 and RNO8 for the identification of the most important underlying causative genetic factors.
Taken together with our previous work on RNO6 (26) , these results demonstrate that targeting either of two major albuminuria QTL on RNO6 or RNO8 results in similar profound and exchangeable beneficial effects on albuminuria development in adult animals with hypertension. We also show that the manifestation of albuminuria in adult life may or may not involve the perinatal programming of low nephron number. We hypothesize that the two identified QTL may work through a common or complementary disease pathway affecting albuminuria development in hypertension. The characterization of the latter may lead to the identification of potential diagnostic and therapeutic targets for the protection of albuminuria and associated cardiovascular disease (30) . 
